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Beams of light with hehcal wavefronts can be focused into ring-hke optical traps known as optical 
vortices. The orbital angular momentum carried by photons in helical modes can be transferred to 
trapped mesoscopic objects and thereby coupled to a surrounding fluid. We demonstrate that arrays 
of optical vortices created with the holographic optical tweezer technique can assemble colloidal 
spheres into dynamically reconfigurable microoptomechanical pumps assembled by optical gradient 
forces and actuated by photon orbital angular momentum. 



The ever-shrinking scale and increasing complexity of 
microfiuidic systems has created a need for new meth- 
ods to pump and steer fluids through micrometer-scale 
channels. Approaches based on hydraulic control and 
electroosmosis ^2^ are ideal for many applications and can 
be implemented flexibly with rapid prototyping methods, 
and mass-produced with lithographic techniques. They 
require external control apparatus, however, and are not 
easily reconfigured in real time. Elegant microfiuidic 
pumps created by driving colloidal particles with actively 
scanned optical tweezers |3|] require in situ assembly and 
so do not lend themselves to low-cost or highly integrated 
systems. 

This Letter describes a new approach to microfiuidic 
control based on the properties of generalized optical 
traps known as optical vortices y, 1^ that are capa- 
ble of exerting torques as well as forces. In particular, 
we employ the recently introduced holographic optical 
tweezer technique 7] to create arrays of optical vortices 
that organize fluid-borne colloidal particles into rapidly 
circulating rings, thereby generating fluid flows with pin- 
point control and no moving parts. 

Our method builds on the insight 8] that helical modes 
of light carry orbital angular momentum that can be 
transferred to illuminated objects Strongly 
focusing such a beam with a high numerical aperture lens 
creates a variant of an optical tweezer 13] known vari- 
ously as an optical vortex, optical spanner, or optical 
wrench ^3, H, • The necessary helical modes are eas- 
ily generated from conventional Gaussian TEMqo beams 
with computer-designed diffractive mode converters 
designed to imprint the helical phase function exp(i-^6>) 
onto the light's wavefronts. Here, 6 is the azimuthal an- 
gle around the beam's axis, and I is an integer winding 
number describing the helix's pitch. Such a beam focuses 
to a ring of light rather than a bright spot because de- 
structive interference cancels the beam's intensity along 
its axis. The radius of the dark central core increases 




FIG. 1: Creating a microfiuidic pump from a beam of light, 
(a) Gray-scale representation of the phase hologram, (/?(r), 
encoding an optomechanical pump. The color bar translates 
gray-scale to phase shifts in radians. The inset is an expanded 
view near the singularity at the optical axis, (b) Focused 
image of the 3x2 optical vortex array projected by ^{r). (c) 
The same optical vortex array after aberration correction, (d) 
Bright-field image of 800 nm diameter silica spheres trapped 
in the array of optimized optical vortices. 



linearly with I 111. 

Dielectric objects comparable in size to the wavelength 
of light are drawn by optical gradient forces toward an 
optical vortex's bright ring, and are driven around its cir- 
cumference by the tangential component of the beam's 
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momentum flux. Colloidal particles dispersed in a vis- 
cous fluid can be stably trapped near the focal plane. 
Their circulation around the ring entrains flows in the 
surrounding fluid that can be harnessed for controlled 
transport at extremely small scales. 

A single optical vortex does little more than stir a 
micrometer-scale volume. Arrays of optical vortices, 
however, can excite larger flows. We create such arrays 
using the holographic optical tweezer technique 0, E3 
in which a computer-generated hologram splits a sin- 
gle laser beam into multiple independent beams, each of 
which can be focused into a separate optical trap. Each 
diffracted beam, moreover, can be transformed by the 
same hologram into a helical mode with an individually 
specifled winding number, I 14]. The phase hologram, 
(p{r)^ shown in Fig.nja) encodes the 3x2 array of opti- 
cal vortices whose focal waists appear in Figs. ^Jb) and 
^c). The upper row of optical vortices has topologi- 
cal charge ^ = +21 and the lower has opposite helicity, 
i = —21. The two rows therefore exert torques with 
opposite senses. 

We use a liquid crystal phase-only spatial light modu- 
lator (SLM) (Hamamatsu X7550 PAL-SLM) to imprint 
the trap- forming phase pattern, (^{r)^ onto the colli- 
mated beam provided by a diode-pumped frequency- 
doubled Nd:YV04 laser (Coherent Verdi) operating at 
A = 532 nm. The SLM can selectively shift the 
light's phase between and 27r radians with 150 cali- 
brated phase gradations at each 40 /im wide pixel in a 
480 X 480 array. Positioning the SLM in a plane conju- 
gate to the input pupil of a 100 x NA 1.4 S-Plan Apoc- 
hromat oil-immersion objective lens ensures that each 
beam diffracted by the phase modulation imposed by 
the SLM passes through the input pupil and forms an 
optical trap. The resulting intensity distribution shown 
in Fig. n^b) was imaged by placing a mirror in the ob- 
jective's focal plane and collecting the reflected light 
with a monochrome CCD camera. A linear spatial fll- 
ter aligned with the pump's axis in an intermediate focal 
plane blocks the undiffracted portion of the input beam, 
which otherwise would create a strong optical tweezer in 
the middle of the fleld of view. 

Optical vortices are very sensitive to aberrations both 
in their shape and also in the distribution of light around 
their circumference. Brightness variations are particu- 
larly problematic because particles tend to become lo- 
calized by optical gradient forces in the brightest regions 
As little as A/ 10 of coma can prevent a single par- 
ticle from circulating around an optical vortex. These 
distortions are exacerbated in arrays of optical traps cre- 
ated with non-ideal phase masks, so that even a well- 
aligned optical train results in warped, nonuniform rings 
such as those in Fig. CJb). Fortunately, we can correct 
for the measured aberrations in our optical train by 
appropriately modifying (p(r). The optimized phase pro- 
flle combines the functions of a beam-splitter, a mode- 



former, and an adaptive optical wavefront corrector and 
yields the uniform optical vortices in Fig. QJc), each of 
which can induce a single particle to circulate freely . 

We projected this trap array into a colloidal disper- 
sion of 800 nm diameter silica spheres (Bangs Laborato- 
ries catalog number SS03N) dispersed in a 12 /im thick 
layer of water between a glass microscope slide and a 
#1 cover slip. Spheres are drawn to the focal rings and 
immediately begin circulating, with those in the upper 
row cycling clockwise and those in the lower row moving 
counterclockwise. To prevent particles escaping from the 
rings along the axial direction, we focused the optical vor- 
tex array about h = 2 jam below the upper glass surface. 
A typical snapshot of the optically organized structure 
appears in Fig. ^d). This is the flrst demonstration of 
motion driven by a heterogeneous array of optical vor- 
tices. 




FIG. 2: Time-lapse composite of 16 images in half-second 
intervals of colloidal spheres in the holographic pump at P = 
2.4 W. Circles identify the trajectory of a single sphere as it 
moves 25 /xm to the left in 7 sec. Its peak speed is 5 /im/sec. 

Each ring in Fig.^d) has a radius of R = 1.9 ±0.1 /im. 
The rings' centers are separated by 6.6 ± 0.2 jam in each 
row, and the rows are separated by 9.1 ± 0.2 /im. The 
entire pattern is centered symmetrically on the optical 
axis. All of these dimensions, including the position and 
geometry of the array, are easily changed by appropri- 
ately modifying (f{f) [l^. The choice of winding num- 
ber, = ±21, was found to optimize the optomechanical 
efficiency in our apparatus fn^. 

Coordinated counter-rotation of the two ranks of 
optically-trapped spheres drives a steady ffow from right 
to left in our images, through the 5 jam wide clear channel 
between the rows, with a return ffow outside the pattern. 
Particles that are not trapped in the optical vortices serve 
as passive tracers of the ffuid ffow. Figure [21 shows a mul- 
tiply exposed image of colloidal spheres' interaction with 
the optical vortex array. The majority of spheres drawn 
into the pump's inlet on the right become trapped in the 
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FIG. 3: (a) Circulation rate in revolutions per minute (rpm) 
and (b) axial flow speed, as a function of laser power. 



rings. Some wander into the dark central channel, where 
they are advected by the flowing water. The circles in 
Fig. 121 mark the trajectory of one such sphere. We an- 
alyzed recorded video sequences to measure the trapped 
spheres' circulation rate, r(P), and the flowing spheres' 
speed, u{P)^ as a function of laser power. The results 
appear in Fig. [HI 

Each data point in Fig. Ol^a) is an average over all six 
rings, with error bars reflecting both the roughly 5% vari- 
ation from ring to ring and the estimated 0.05 sec mea- 
surement error in the circulation period. The maximum 
circulation rate, F = 1.8 ±0.2 Hz, attained at the highest 
operating power of our SLM, P = 3 W, corresponds to a 
circumferential speed of uo{P) = 22 ± 2 /im/sec. No-slip 
boundary conditions at the spheres' surfaces ensure that 
the fluid at each vortex's rim also flows at this speed. 

The flow field elsewhere in the system can be approx- 
imated by the superposition of flow fields due to point 
forces, known as stokeslets arranged in a ring of ra- 
dius R at height h below a plane wall. Ensuring that 
the flow vanishes on the wall requires us to account for 
the stokeslets' hydrodynamic images in the wall Ac- 
counting for the drag due to the second wall would re- 
quire a substantially more sophisticated analysis [l^ . 
and does not substantially affect the leading-order behav- 
ior The azimuthal component of a single stokeslet 
ring's wall-corrected far-field flow at radius r from the 
core and at height h below the wall scales as 



u{r) — u{R) 



R 



(1) 



to lowest order in R/r. We can apply this result to our 
experimental data by identifying the spheres' observed 
circumferential speed, uq{P), with u{R) for spheres sub- 
stantially smaller than R. This prefactor automatically 



includes all optical and drag-induced effects. In the same 
approximation, the net flow along the channel is the su- 
perposition of single-ring flows, with inter-ring coupling 
also accounted for by uo{P). Given the arrangement of 
rings in our system, we anticipate a peak axial flow speed 
ofu{P) ^uo{P)/3. 

We gauge u{P) by tracking particles that wander into 
the shadow of the linear beam block along the pump's 
axis. The result, plotted in Fig. |3tb), reaches u = 
6 /im/sec at P = 3 W, as predicted by Eq. (QJ. This 
compares favorably with the performance of actively ac- 
tuated optical peristaltic pumps 3] and has the added 
benefit that the pumping structure and its action are 
all encoded in a single static phase pattern that can be 
implemented with a low-cost microfabricated diffractive 
optical element. 

The comparatively low opto-mechanical efficiency of 
our implementation can be ascribed to two effects, both 
of which reflect practical rather than fundamental limi- 
tations. The first is the relatively low efficiency of our 
optical train, in which only 20 percent of the laser power 
P is actually projected into the sample in the desired 
mode. The pixellated SLM, furthermore, cannot encode 
the continuous phase modulation required to create an 
ideal optical vortex. As a result, the circumference of 
each ring suffers from an -^-fold intensity modulation that 
establishes a corrugated potential energy landscape . 
These corrugations deepen as the laser power increases 
to the point that a single sphere stops circulating alto- 
gether. Single- vortex measurements llj suggest that the 
pump would stall at P 12 W. Below this threshold, the 
corrugations increase the effective drag on the spheres, 
and may diminish the circulation rate by as much as 90 
percent Creating holographic microoptomechanical 
pumps with more refined phase masks in higher-efficiency 
optical trains therefore should yield substantial efficiency 
gains. 

Loading an optical vortex with multiple spheres offers 
several benefits for optomechanical drive. Each sphere 
captures some of the orbital angular momentum flux from 
the light, and thereby contributes to the linear momen- 
tum transferred to the water. Furthermore, collisions 
among densely trapped spheres helps to minimize the 
deleterious effects of intensity corrugations and hot spots. 
Adding too many spheres, however, can jam the pump. 

More nuanced and efficient diffractive optical elements 
would facilitate creating larger and more sophisticated 
pumping configurations. This suggests opportunities for 
creating dynamically reconfigured microfluidic systems 
without physical walls. Also, the chemically synthesized 
colloidal particles used in our demonstration could be re- 
placed by micromachined gears. Optical vortices trained 
on the gears' teeth would set them spinning, thereby cre- 
ating optically driven gear pumps. All of this function- 
ality can be applied to three-dimensional devices by fur- 
ther transforming the helical modes used in this study 
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into self-healing diffractionless Bessel beams |20|, |2l| . 
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